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As part of a long-term study (38+ years) to identify genetic correlates of geotaxis in Drosophila mela-
nogaster, the investigators report the results of allozyme-level analyses of 2 lines derived from hy-
bridizing high- and low-selected lines that have evolved stable, extreme expressions of geotaxis. 
Allelic variation at Adh was associated with geotactic performance in 1 hybrid-derived line, but not 
in another, after 66 free-mating generations beyond the F2 generation. A second-chromosome gene 
correlate of geotaxis may lie within 1 map unit of Adh. Population genetic analyses suggest that there 
were different selection pressures on the hybrid-derived lines and that the fixation of PGD-A in the 
high-geotaxis line was probably due to a founder-effect event. 
 
Identifying genes correlated with behaviors is a first step in gaining a more complete un-
derstanding of the ways genes and behaviors are related. Once such genes are identified, 
their role in development can be examined. 
Geotaxis—orientation and movement with respect to gravity—in Drosophila melano-
gaster, the fruit fly, has served as a productive model system in the search for gene corre-
lates of behavior. Much of what is known about genetic correlates of geotaxis is at the 
chromosome level (Erlenmeyer-Kimling & Hirsch, 1961; Hirsch & Erlenmeyer-Kimling, 
1961; Hirsch & Ksander, 1969; McGuire, 1992; Pyle, 1978; Ricker & Hirsch, 1988a, 1988b). 
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Studies clearly indicate that gene correlates of geotaxis exist throughout the genome, that 
is, on all three major chromosomes, but they do not suggest regions of the genome that 
may be more productive than others in the search for such correlates. 
Much of the genetic mapping of the Drosophila genome was accomplished by using vis-
ible morphological mutations as markers (see Lindsley & Zimm, 1992). However, behav-
ioral phenotypes can be quite sensitive to genetic background effects and can make visible 
morphological mutations less useful for mapping genetic correlates of behavior. A map-
ping system that uses extant molecular markers can avoid some of the pitfalls associated 
with using morphological mutations. 
Allozyme electrophoresis provides a convenient system for studying protein-level cor-
relates of behavior in the Drosophila genome. Allozymes—alternative forms of an enzyme 
that perform the same catalytic function in a chemical reaction—result from amino acid 
changes that alter the net electrostatic charge of the protein. Proteins with unlike electro-
static charges (i.e., electromorphs) migrate different distances in an electric field. Allozyme 
electromorph (we use allele for brevity) frequencies have long been used in population ge-
netic analyses (Hubby & Lewontin, 1966; Lewontin & Hubby, 1966). Changes in allozyme 
allele frequencies in populations can indicate the action of natural selection, genetic drift, 
mutation, and migration. Genotype frequencies obtained electrophoretically can also be 
useful in identifying population genetic phenomena such as coadaptation or mating pattern. 
Because the structural genes for many allozymes have been mapped in D. melanogaster 
(Lindsley & Zimm, 1992), we were able to use allozymes to seek genetic markers for genes 
correlated with geotaxis. Stoltenberg, Hirsch, and Berlocher (1995) reported the results of 
an allozyme survey of high- and low-selected geotaxis lines that included at least two al-
lozyme structural genes on each chromosome arm for each of the three major chromo-
somes. The high and low lines are fixed for the same allele at 19 of 22 loci surveyed; clearly, 
these 19 loci are not informative markers for mapping gene correlates of geotaxis in the 
selected lines. However, three allozyme loci were identified as potentially useful genetic 
markers. The selected lines are fixed for alternative alleles of alcohol dehydrogenase (Adh, 
2-50.1), amylase (Amy, 2-77.7) and 6-phosphogluconate dehydrogenase (Pgd, 1-0.5). (By 
convention, structural genes [e.g., Adh] and proteins [e.g., ADH], are distinguished by ab-
breviation.) Such fixation may be the result of (a) divergent selection pressure for geotaxis 
through linkage or direct association with the phenotype or (b) chance (i.e., genetic drift). 
To determine whether the ADH- and AMY-geotaxis relations observed in the selected 
lines were the result of divergent selection pressure or chance, Stoltenberg et al. (1995) 
conducted an F2 correlational analysis in which breeding schemes take advantage of mei-
osis to break up loose gene linkages and chance associations. If a genotype-phenotype as-
sociation survives meiosis to the F2 generation, the association is due either to rather tight 
linkages or to direct association of the genotype with the phenotype. If a genotype-phenotype 
association does not reappear in the F2 generation, the association is either the result of 
loose linkage between the marker and a gene correlate of the phenotype, or of chance. 
Stoltenberg et al. (1995) found that the ADH-geotaxis relation was maintained to the F2 
generation, but the AMY-geotaxis relation was not. These results suggested that ADH is 
either rather tightly linked to a gene correlate of geotaxis or directly involved in the genetic 
system that influences geotaxis. The AMY-geotaxis association observed in the selected 
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geotaxis lines, on the other hand, appears to be due either to a loose linkage with a gene 
correlate of geotaxis or to chance. 
In this study, we examine, 66 generations later, the associations among ADH, AMY, 
PGD, and geotaxis in lines derived from those tested by Stoltenberg et al. (1995). Sixty-six 
generations of potential recombination between an allozyme marker locus and a hypothe-
sized gene correlate of geotaxis should eliminate all but the closest linkages. Surviving 
genotype-phenotype correlations ought to indicate that a gene correlate of geotaxis may 
be found in a relatively small region surrounding the allozyme structural gene and suggest 
a starting point to begin more refined molecular analysis in a search for candidate genes. 
Specifically, this study should enable us to determine whether ADH is acting as a marker 
for a gene correlate of geotaxis or whether ADH itself is involved in the genetic system that 
influences geotaxis. We also report the results of population genetic analyses of the hybrid-





To examine the phenotype-phenotype correlation of geotaxis and mate preference in the 
selected lines, Stoltenberg et al. (1995) prepared an F2 generation by crossing the lines re-
ciprocally at Generation 699. Following subject collection for that experiment, vials contin-
ued to produce offspring, which were transferred en masse to fresh food vials. The two 
sublines that resulted, HL (from the initial High female × Low male cross) and LH (from 
the initial Low female × High male cross), have since been maintained by mass transfer 
every 2–4 weeks. For each transfer, most adults from each of 4–6 vials are moved, without 
anesthesia, to a holding vial before being redistributed to 4–6 fresh culture vials, each con-
taining 40–100 adults. Such a regimen ought to reduce the likelihood of genetic drift. All 
flies were raised in an environmental chamber at 25°C, 50% relative humidity, and a 16:8-
hr light-dark cycle with lights on at 0800 hr in 10.0 × 3.5-cm diameter plastic vials with 




Sixty-six generations after the F2 generation described above, 10 vials containing 5 males 
and 5 females were set up for both the HL and LH hybrid-derived lines. From these vials, 
we collected subjects for geotaxis testing within 6 hr of eclosion and stored them in same-
sex vials of approximately 100 individuals until tested at 2–5 days old. All geotaxis testing 
was performed in one multiple-unit classification maze in which flies are presented with 
15 opportunities to walk with (geopositive) or against (geonegative) the pull of gravity (see 
Hirsch, 1959, for a description of such mazes). Geotaxis scores represent the number of 
geonegative choices and range between 0 and 15. 
Three samples of males and females from each hybrid-derived line were tested sepa-
rately (12 samples in all). Testing was done on consecutive days, with one exception: A day 
elapsed between the testing of the third samples of HL males and LH males. This gap was 
the result of difficulty collecting flies for testing and did not appear to alter their geotaxis 
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score distributions. Any “following effects” (e.g., odor trails) were counterbalanced by 
having each type (e.g., HL female) follow each other type once. Sample sizes were gener-
ally around 200; however, two substantially smaller samples were run: LH males (n = 63) 
and HL females (n = 90). For each type, we pooled the three samples: LH males (N = 466), 
LH females (N = 634), HL males (N = 559), HL females (N = 517). Following geotaxis testing, 
flies that completed traversing the maze were tallied according to their respective geotaxis 
categories and stored at –70°C. 
After an additional 27 generations of free mating, at Generation 93 (G93) we collected 
females from each of the hybrid-derived lines for electrophoretic testing. We assayed 100 
females from the HL and LH lines for ADH, AMY, and PGD to determine whether their 
allele frequencies had changed significantly from G66, that is, whether their allele frequen-





The Zip Zone system of cellulose acetate (CA) electrophoresis was used (Helena Labora-
tories, Beaumont, Texas). Samples were applied to Titan III CA plates (76.0 × 94.0 mm) with 
the Super Z-12 Applicator Kit (see Easteal & Boussy, 1987; Hebert & Beaton, 1993). 
 
Buffer and running conditions 
The Tris glycine (TG) electrode buffer (30.0 g trizma base, 144.0 g glycine, 1 L water) was 
diluted 1:9 for use (Hebert & Beaton, 1993). Electrophoresis was carried out at room tem-
perature; however, the Zip Zone chamber was stored in a refrigerator between runs. Runs 
lasted 30 min at 200 V, 3 mA. 
 
Sample preparation 
From each of three G66 samples of each type, 60 individuals were chosen to be electro-
phoresed on the basis of proportional representation in geotaxis categories. Through such 
stratified sampling, each sample of 60 individuals was representative of the geotaxis score 
distribution from which they were drawn. For each type, approximately 180 G66 individu-
als and for each hybrid-derived line 100 G93 females were electrophoresed and assayed for 
ADH, AMY, and PGD. 
Individuals were ground in a multiple-well grinding block with 10.0 μl of DTT extrac-
tion buffer (20 μl Triton-X detergent, 0.002 g NADP, 0.02 g 1,4,-dithio-L-treithol, 20 ml wa-
ter). The liquid samples were then transferred to the loading wells by micropipette. 
 
Enzyme reactions and staining 
All stains were made in 0.09 M Tris-HCl stain buffer (44.4 g trizma base, 299.0 ml 1 M HC1, 
4 L water), pH = 7.5. The ingredients for the staining reaction were kept in separate small 
beakers until used: (a) alcohol dehydrogenase [ADH; EC 1.1.1.1] 1.5 ml NAD, 3 drops iso-
propanol, 0.6 ml Tris-HCl; (b) 6-phosphogluconate dehydrogenase [PGD; EC 1.1.1.44] 1.5 
ml NADP, 6 drops phosphogluconic acid, 6 drops magnesium chloride, 0.6 ml Tris-HCl; 
(c) amylase [AMY; EC 3.2.1.1] starch solution: 1.51 g K2HPO4, 1.80 g KH2PO4, 120.0 mg 
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sodium chloride, 2.0 g starch, 180.0 ml water; iodine stain: 4.15 g potassium iodide, 6.35 g 
iodine, 500 ml water. For ADH and PGD, 6 drops of dimethylthiazolyl diphenyltetrazo-
lium bromide (MTT) and phenazine methosulfate (PMS) were added to facilitate staining. 
After electrophoresis, the ADH and PGD stains were poured over the plates and incu-
bated at 37°C for 10 min or until bands appeared. After scoring the ADH and PGD bands, 
we rinsed the plates thoroughly with distilled water and poured the starch solution over 
the plates, which were then incubated for 10 min. The plates were again thoroughly rinsed 
with distilled water, the iodine solution was poured over them, and the AMY bands were 
scored. To preserve the plates, they were soaked in distilled water for up to 30 min and 
dried overnight at room temperature. 
 
Statistical Analyses 
Geotaxis score distributions were compared by Type III analysis of variance (ANOVA). To 
assess digenic disequilibria, we used Monte Carlo C × R (Column × Row) contingency table 
analysis (kindly supplied by William Engels, University of Wisconsin–Madison). Such a 
test enables one to ask whether the rows and columns of a given contingency table are 
independent of one another and is preferable to a chi-square test when the expected num-
ber for some cells in the table is less than 5. The test picks random tables with the same 
marginal sums as the observed data and asks whether each differs from the expected value 
as much as or more than the observed data. Probability values are the ratio of the number 
of trials where the random tables differ as much as or more than the observed data over 
the total number of trials (Engels, 1988). 
To reduce the likelihood of making Type I errors, we used the Bonferroni method of 
adjusting the significance level for a given set of comparisons. Such a method is rather 
conservative and can result in the loss of statistical power (Chandler, 1995; Rice, 1989). In 
this study, however, the adjustments suggested by Chandler (1995) and Rice (1989) did not 




Allozymes and Geotaxis 
At G66, an association between ADH and geotaxis score was detected in the LH subline but 
not in the HL subline. Results of an ANOVA on geotaxis score for the overall sample (N = 
2,176) from the hybrid-derived lines indicated that separate analyses for each group, de-
lineated by line and sex (e.g., HL female), would be appropriate (see Table 1). 
In the overall sample, LH females had the highest mean geotaxis score (9.13 ± 0.15, n = 
634), followed by HL females (8.51 ± 0.19, n = 517), HL males (6.02 ± 0.19, n = 559) and LH 
males (5.42 ± 0.20, n = 466). The ANOVA model included line, sex, and their interaction; an 
alpha level of .05 was used. The effect of line was not statistically significant; however, the 
effects of sex and of the Sex × Line interaction were significant (see Table 1). Thus, the 
pattern of mean geotaxis scores for the hybrid-derived lines depended on sex. 
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Table 1. Analysis of Variance for Geotaxis Score of Hybrid-Derived Lines at G66 
Source dfs F 
Line 1, 2172 0.002 
Sex 1, 2172 292.99*** 
Line × Sex 1, 2172 11.21*** 
LH ♀   
   Sample 2, 171 0.07 
   ADH 2, 171 5.86** 
   PGD 1, 171 0.001 
   AMY 2, 171 0.31 
LH ♂   
   Sample 2, 175 0.57 
   ADH 2, 175 3.17* 
   PGD 1, 175 5.84* 
  AMY 2, 175 1.15 
HL ♀   
   Sample 2, 166 1.99 
   ADH 2, 166 0.23 
   PGD 2, 166 1.03 
   AMY 2, 166 0.59 
HL ♂   
   Sample 2, 174 3.15* 
   ADH 2, 174 0.05 
   PGD 1, 174 3.00 
   AMY 2, 174 0.48 
Note: ADH = alcohol dehydrogenase; PGD = 6-phosphogluconate dehydrogenase; AMY = 
amylase; HL = high-geotactic female × low-geotactic male; LH = low-geotactic female × 
high-geotactic male. 
*p < .05, **p < .01, ***p < .001 
 
Statistical analyses on the stratified samples drawn from the overall sample for electro-
phoresis were done separately for each type, with an alpha level of .05. For each ANOVA, 
higher order interactions were tested, but none were statistically significant and were 
therefore not included in the models reported. However, our statistical power to detect 
interaction effects was limited by small and unequal cell sample sizes (Cohen, 1988; 
Wahlsten, 1990); therefore no conclusions regarding such interactions may be drawn. For 
each of the following analyses, the models included sample, ADH, PGD, and AMY. 
Sample effects were statistically significant only in HL males, F(2, 174) = 3.15, p < .05. 
Interpretations of the analyses for the pooled HL should therefore be made with caution. 
No other sample effects were detected. 
In LH females, flies homozygous for ADH Slow/Slow (S/S) had the highest mean geo-
taxis score (9.98 ± 0.36, n = 99), followed by heterozygotes ADH Fast/Slow ([F/S] 8.27 ± 0.46, 
n = 71) and by those homozygous for ADH Fast/Fast ([F/F] 6.89 ± 1.44, n = 9). The effect of 
ADH was significant, whereas the effects of PGD and AMY were not. 
In LH males, flies homozygous for ADH S/S had the highest mean geotaxis score (6.21 
± 0.41, n = 107), followed by ADH F/S (4.60 ± 0.53, n = 67) and by ADH F/F (4.00 ± 1.23, n = 9). 
The effects of ADH and PGD were significant, whereas the effect of AMY was not. In the 
LH line, mean geotaxis scores for flies with different ADH genotypes followed a pattern 
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consistent with that from the high- and low-selected lines: S/S = high score, F/F = low score 




Figure 1. Mean geotaxis scores (± standard errors) for the hybrid-derived lines with dif-
ferent ADH genotypes at F2 generation and G66. At the F2 generation geotaxis scores varied 
with respect to ADH genotype for both sexes in each hybrid-derived line. The top panels 
show an ADH effect in (a) G66 LH ♀ (n = 175) and (b) G66 LH ♂ (n = 182); ADH-S homozygotes 
have the highest mean score, ADH-F homozygotes the lowest, and heterozygotes have an 
intermediate mean. The bottom panels show no ADH effect in (c) G66 HL ♀ (n = 179) and 
(d) G66 HL ♂ (n = 183); mean geotaxis scores do not differ with respect to ADH genotype. 
Females have higher mean geotaxis scores than males in both lines. ADH = alcohol dehy-
drogenase; HL = high-geotactic female × low-geotactic male; LH = low-geotactic female × 
high-geotactic male; the letters F (fast) and S (slow) describe relative migration rates of 
alleles. 
 
In HL females, none of the allozyme effects were statistically significant (see Table 1). 
In HL males, the effects of ADH and AMY were not significant. The effects of PGD, F(l, 176) 
= 3.00, p = .09, did not meet the .05 level of significance but may prove interesting. ADH is 
not associated with geotaxis score in the HL line (see Figure 1). 
Mean geotaxis scores of males hemizygous for PGD-B from the two hybrid-derived 
lines were the same ([LH] 5.74 ± 0.33, n = 170; [HL] 5.78 ± 0.35, n = 167). Mean geotaxis 
scores of males hemizygous for PGD-A, however, were statistically different ([LH] 2.45 ± 
0.76, n = 13; [HL] 7.87 ± 1.08, n = 15; t(26) = 2.94, p < .01; see Figure 2). Such a pattern is 
consistent with the interpretation of a cytoplasmic effect that is dependent on PGD geno-
type. 




Figure 2. Mean geotaxis scores (± standard errors) for HL (n = 183) and LH (n = 182) males 
with different PGD genotypes. Mean scores for males hemizygous for PGD-B from the 
two lines are not different, whereas mean scores for males hemizygous for PGD-A are 
different. HL = high-geotactic female × low-geotactic male; LH = low-geotactic female × 
high-geotactic male. PGD = 6-phosphogluconate dehydrogenase; the letters A and B are 
alternative PGD alleles. 
 
Allele Frequencies 
Table 2 shows allele frequency estimates of ADH, AMY, and PGD for the F2 generation 
and for G66 and G93 of each hybrid-derived line. Substantial deviation from intermediate 
values (i.e., .50) may indicate the action of natural selection on that locus. 
 
Table 2. Allele Frequencies Over Generations in Hybrid-Derived Lines 
 ADH  AMY  PGD 
Source n F S  n 1 2, 3 
 Females  Males 
 n A B  n A B 
HL                
   F2 842 .52 .48  842 .51 .49  0 .50 .50  0 .50 .50 
   G66 722 .69 .31  714 .45 .55  358 .04 .96  183 .07 .93 
   G93 100 .63 .37  92 .49 .51  100 .22 .78  0 — — 
LH                
   F2 704 .52 .48  704 .48 .52  0 .50 .50  0 .50 .50 
   G66 732 .24 .76  730 .18 .82  356 .10 .90  182 .08 .92 
   G93 100 .29 .71  100 .14 .86  100 .00 1.00  0 — — 
Note: n = the number of gametes sampled. Estimates of allele frequencies are from F2 generation, from Stoltenberg (1992); 
PGD was not assayed in F2 generation. ADH = alcohol dehydrogenase; AMY = amylase; PGD = 6-phosphogluconate dehy-
drogenase; HL = high-geotactic female × low-geotactic male; LH = low-geotactic female × high-geotactic male; F (fast) and S 
(slow) describe relative migration rates of alternative alleles; the numbers 1 and 2, 3 refer to alternative AMY alleles; the letters 
A and B are alternative PGD alleles. 
 
The frequency of ADH-F in the F2 generation of the HL hybrid-derived line was .52 
(Stoltenberg, 1992). By G66, however, the frequency of ADH-F had risen to .69 (z = 6.84, p < 
.05) and remained unchanged to G93 (.63; z = 1.21, p > .05). 
In the LH hybrid-derived line, on the other hand, intermediate ADH allele frequencies 
in the F2 generation (i.e., F = .52) changed in the opposite direction (i.e., ADH-F: G66 = .24; z 
= 10.94, p < .05). No change in ADH-F frequency was detected from G66 to G93 (.29; z = 1.09, 
p > .05). 
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At G93 the frequencies of ADH-F were different in the two hybrid-derived lines (z = 4.82, 
p < .05). Such an allele frequency change in opposite directions in the hybrid-derived lines 
could be evidence of genetic drift or different selection pressures in the two lines. Because 
rather large populations of each line were maintained, it seems unlikely that genetic drift 
is the best explanation for such a result. 
The frequencies of AMY-1 in the F2 generation of the HL and LH lines were intermedi-
ate (.51 and .48, respectively). After the F2 generation, the frequencies of AMY alleles di-
verged substantially between the hybrid-derived lines. In the HL line, the frequency of 
AMY-1 remained intermediate to G66 (.45; z = 2.36, p > .05) and did not change significantly 
by G93 (.49; z = 0.73, p > .05). The frequency of AMY-1 in the LH line, however, became 
extreme by G66 (.18; z = 12.10, p < .05) and remained stable to G93 (.14; z = 0.99, p > .05). These 
data appear to indicate that in the HL line, AMY is neutral with respect to natural selection, 
but in the LH line, AMY-1 is selected against. 
The frequency estimates of PGD alleles (A and B) for the F2 generation are based on 
theory because PGD was not assayed in that generation (Stoltenberg, 1992). Because the 
high and low lines are fixed for alternative alleles of PGD, estimates of F2 generation allele 
frequencies were uncomplicated. For G66, separate estimates are made for females and for 
males because Pgd is sex linked. In both the hybrid-derived lines, the PGD allele frequency 
estimates are quite extreme and are in the same direction. The frequency of PGD-B is .90 
or greater in each hybrid-derived line for both sexes. Such extreme allele frequencies may 
indicate that natural selection is acting against PGD-A in both lines. For G93, only females 
were assayed. In the LH line, PGD was fixed for the B allele, whereas in the HL line, the 
frequency of the B allele was more intermediate (.78). Again, as with ADH, such a pattern 




For the F2 generations G66 and G93, we calculated disequilibrium coefficients (DA, from 
Weir, 1990) to test for deviations from the square law. Statistically significant deviations 
from Hardy-Weinberg (H-W) proportions indicate that one or more of the usual assump-
tions had been violated, but not which one(s). 
Table 3 shows the disequilibrium coefficients for the F2 generation. AMY genotype fre-
quencies in the LH male sample did not conform to the H-W square law, χ2(1) = 7.11, .005 
< p < .01. Such a deviation appears to be due to an excess of heterozygotes. Stoltenberg 
(1992) reported this result but was unable to identify the cause. Disequilibrium coefficients 
in all other cases at the F2 generation were not statistically different from zero. 
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Table 3. Estimates of Hardy-Weinberg Disequilibrium Coefficients (DA) for F2 Generation 
Source n DA Var (DA) χ2 p 
ADH      
   HL ♀ 216 0.01 0.0003 0.43 .50 < p < .75 
   HL ♂ 205 0.03 0.0003 3.02 .05 < p < .10 
   LH ♀ 179 0.02 0.0003 1.52 .10 < p < .25 
   LH ♂ 173 –0.05 0.0003 7.11 .005 < p < .01 
AMY      
   HL ♀ 216 0.009 0.0003 0.26 .50 < p < .15 
   HL ♂ 205 0.004 0.0003 0.00 p > .995 
   LH ♀ 179 0.02 0.0003 0.94 .25 < p < .50 
   LH ♂ 173 –0.07 0.0003 12.09 p < .005 
Note: One degree of freedom. To control for experimentwise error rate, the α = .006 (.05/8). ADH = alcohol 
dehydrogenase; AMY = amylase; HL = high-geotactic female × low-geotactic male; LH = low-geotactic female 
× high-geotactic male. 
 
Table 4 contains the disequilibrium coefficients for G66 of each hybrid-derived line (by 
sex) for ADH, AMY, and PGD. There was an excess of ADH heterozygotes in HL males, 
χ2(1) = 7.74, .005 < p < .01. No other deviations from the square law were observed at G66. 
 
Table 4. Estimates of Hardy-Weinberg Disequilibrium Coefficients (DA) for Generation 66 of Hybrid-Derived Lines 
Source n DA Var (DA) χ2 p 
ADH      
   HL ♀ 176 –0.03 0.0001 4.12 .025 < p < .05 
   HL ♂ 182 –0.05 0.0002 7.74 .005 < p < .01 
   LH ♀ 181 –0.009 0.0002 0.44 .50 < p < .75 
   LH ♂ 185 –0.007 0.0002 0.25 .50 < p < .75 
AMY      
   HL ♀ 175 –0.04 0.0003 5.45 .01 < p < .025 
   HL ♂ 182 –0.03 0.0003 3.55 .05 < p > .10 
   LH ♀ 182 –0.003 0.0001 0.10 .75 < p < .90 
   LH ♂ 183 0.008 0.0001 0.52 .25 < p < .50 
PGD      
   HL ♀ 178 –0.005 0.00003 0.55 .25 < p < .50 
   LH ♀ 179 –0.001 0.000001 0.25 .50 < p < .75 
Note: One degree of freedom. To control for experimentwise error rate, the α = .005 (.05/10). ADH = alcohol 
dehydrogenase; AMY = amylase; PGD = 6-phosphogluconate dehydrogenase; HL = high-geotactic female × 
low-geotactic male; LH = low-geotactic female × high-geotactic male. 
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Table 5 lists the H-W disequilibrium coefficients for females at G93 of the hybrid-derived 
lines. No deviations from the square law were observed. 
 
Table 5. Estimates of Hardy-Weinberg Disequilibrium Coefficients (DA) for Generation 93 of Hybrid-Derived 
Line Females 
Source n DA Var (DA) χ2 p 
ADH      
   HL 50 –.02 .001 2.63 .10 < p < .25 
   LH 50 –.02 .0008 0.68 .25 < p < .50 
AMY      
   HL 46 .02 .0001 0.34 .50 < p < .75 
   LH 50 –.02 .00008 1.61 .10 < p < .25 
PGD      
   HL 50 –.01 .0004 0.12 .50 < p < .75 
   LH 50 .0 .0 — p > .995 
Note: One degree of freedom. To control for experimentwise error rate, the α = .008 (.05/8). ADH = alcohol 
dehydrogenase; AMY = amylase; PGD = 6-phosphogluconate dehydrogenase; HL = high-geotactic female × 
low-geotactic male; LH = low-geotactic female × high-geotactic male. 
 
We also tested for the presence of digenic disequilibria in G66 and G93 of the hybrid-
derived lines. We wished to avoid making any assumptions about the shapes of the un-
derlying frequency distributions, and we also wished to avoid difficulties associated with 
having small expected values in many of the cells, a result of the low frequency of certain 
genotypes. Therefore we analyzed the genotype frequencies for nonrandom digenic asso-
ciations using the R × C contingency table tests described previously. For each line (and 
sex in G66) we analyzed the frequencies of the digenic genotypes ADH-PGD, ADH-AMY, 
and AMY-PGD. For each type (e.g., HL female) we corrected the alpha level to account for 
multiple comparisons (i.e., α = .05/3 = .02). 
Table 6 shows the results of the contingency table tests for nonrandom digenic associa-
tion for hybrid-derived line females and males for G66 and females for G93. No statistically 
significant digenic associations were observed. These data suggest that the strong genotype-
genotype correlations seen in the high and low geotaxis lines (Stoltenberg et al., 1995) were 
not maintained following hybridization and many generations of recombination. Thus, 
ADH, AMY, and PGD appear not to be functionally tied to each other; therefore, the perfect 
genotype-genotype correlations observed in the selected lines (Stoltenberg et al., 1995) are 
apparently due to genetic drift. This interpretation is consistent with the results of the 
ADH-AMY correlation examined by Stoltenberg et al. (1995), where the recombination rate 
observed between Adh and Amy was not different from that expected on the basis of the 
map distance between the loci. 
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Table 6. Results of Contingency Table Tests for Nonrandom Digenic Association for Generations 66 and 93 in 
Hybrid-Derived Lines 
Type Generation Genotype n p ± SE 
HL ♀ 66 ADH-PGD 178 .07 .001 
  ADH-AMY 175 .39 .002 
  AMY-PGD 175 .87 .001 
 93 ADH-PGD 50 .80 .003 
  ADH-AMY 45 .18 .002 
  AMY-PGD 46 .04 .0007 
HL ♂ 66 ADH-PGD 182 .44 .002 
  ADH-AMY 182 .91 .001 
  AMY-PGD 182 .72 .0002 
LH ♀ 66 ADH-PGD 179 .25 .001 
  ADH-AMY 180 .96 .001 
  AMY-PGD 179 .82 .002 
 93 ADH-PGD 50 1.0 .0 
  ADH-AMY 50 .35 .002 
  AMY-PGD 50 1.0 .0 
LH ♂ 66 ADH-PGD 183 .31 .002 
  ADH-AMY 183 .02 .0005 
  AMY-PGD 183 .21 .002 
Note: ps < .017 are statistically significant when multiple comparisons are considered (.05/3). ADH = alcohol 
dehydrogenase; AMY = amylase; PGD = 6-phosphogluconate dehydrogenase; HL = high-geotactic female × 




Allozymes and Geotaxis 
Allelic variation at Adh is associated with geotaxis score in the LH line but not in the HL 
line after 66 generations of potential recombination. We interpret this result to mean that 
the linkage between Adh and a gene correlated with geotaxis was broken by recombination 
in the HL line but maintained in the LH line. The Adh locus apparently acts as a marker for 
a nearby gene correlated with geotaxis. Had the ADH-geotaxis association been absent in 
both hybrid-derived lines, no information regarding the distance between Adh and a gene 
correlate of geotaxis would have been available. The linkage could have been broken as 
early as G1 or as late as G65 after the F2; we would be unable to discriminate between the 
two cases. Had the ADH-geotaxis association been present in both hybrid-derived lines, 
we would have been unable to know whether Adh was acting as a marker or if Adh itself 
was the gene correlate of geotaxis. Because the ADH-geotaxis association was maintained 
in one hybrid-derived line and not in the other, we believe that the Adh locus itself is not a 
gene correlate of geotaxis but acts as a marker for another (nearby) locus. 
It is difficult to estimate the distance between Adh and a hypothesized gene correlate of 
geotaxis because inferring genotype-genotype relations from observed genotype-pheno-
type relations is necessarily imprecise; there is no simple isomorphism between genotype 
and phenotype (Hirsch, 1977). However, because we detected the ADH-geotaxis associa-
tion in one hybrid-derived line but not in the other, we can estimate the recombination 
frequency to be .50 after 66 generations. To make a rough estimate of the recombination 
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frequency between ADH and geotaxis at each generation, we can divide .50 by 66. The 
result is approximately 0.01, or 1%. 
If we assume that the ADH-geotaxis relation mirrors the relation between Adh and a 
gene correlate of geotaxis, we can estimate that the map distance (one map unit, called a 
centimorgan [cM], equals 1% recombination) between them is approximately 1 cM. Clearly, 
this is a rough estimate given that our sample size is 2; nevertheless, this study provides 
evidence that a gene correlate of geotaxis is likely to be located rather close to the structural 
gene for ADH. 
Lindsley and Zimm (1992) list 67 genes in a 2-cM region encompassing Adh, of which 
approximately 48% (32) are lethal and 10% (7) produce either male or female sterility when 
mutated. Both lethality and sterility would make the search for gene correlates of geotaxis 
difficult; therefore, for the present such loci should probably be ignored. Approximately 
7% (5) of the genes in the region surrounding Adh affect bristle morphology in some way. 
Bristles have been implicated in gravity-sensing systems of some insects (Horn, 1985; 
Schwarzkopff, 1964) and may therefore prove useful in the search for gene correlates of 
geotaxis in D. melanogaster. 
A recent article describes efforts to identify genes correlated with abdominal bristle 
number in D. melanogaster with molecular techniques that may be applied in the search for 
gene correlates of geotaxis. Long et al. (1995) hybridized roo transposable elements to poly-
tene chromosomes of recombinant isogenic lines to create a dense map of cytogenetic 
markers that was then used to identify candidate quantitative trait loci (QTLs) affecting 
bristle number by interval mapping (see Lander & Botstein, 1989, for more on QTL map-
ping). The system developed by Long et al. (1995) may prove useful in mapping QTLs 
correlated with geotaxis in the high- and low-selected geotaxis lines, and we are planning 
such a study. 
The geotactic performance of males from the hybrid-derived lines varies with respect 
to PGD genotype. The effect of PGD was not statistically significant in females from either 
line. This result is unexpected and may be evidence of a gene near Pgd that is correlated 
with geotaxis or of an effect of the cytoplasm on geotaxis. To date, no cytoplasmic effects 
on geotaxis have been reported. The nature of the interaction between PGD and cytoplasm 
is unknown. 
 
Allele and Genotype Frequencies 
Allele frequencies of ADH, AMY, and PGD appear to indicate that natural selection pres-
sures on the two hybrid-derived lines were different. AMY allele frequencies remained 
intermediate in the HL line but not in the LH line, and ADH allele frequencies diverged 
from intermediate in opposite directions. Such changes could indicate different natural 
selection pressures or genetic drift. Genetic variation is the raw material with which natu-
ral selection works, but genetic drift is the result of chance events. Even though both hy-
brid-derived lines are descended from the high- and low-selected geotaxis lines, sufficient 
genetic variation as a result of hybridization in concert with chance events provided ample 
opportunity for population-level genetic change. 
The most dramatic change in allele frequencies occurred for PGD, with a similar mag-
nitude in both lines. For G66 the frequency of PGD-B in both lines was .90 or greater, with 
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similar results in G93. Such extreme frequencies in the same direction in the two lines sug-
gest that natural selection against PGD-A may be the cause rather than genetic drift. How-
ever, as one reviewer noted, our evidence is not sufficient to infer selection over drift. 
It is noteworthy that the high-geotaxis line is fixed for PGD-A. If similar selection pres-
sures were experienced by the selected lines, the fixation of PGD-A in the high line may 
have been a result of a founder effect event, where by chance the only survivors of a pop-
ulation bottleneck were PGD-A homozygotes. Ricker and Hirsch (1985) reported that each 
of the selected lines experienced at least one population bottleneck. 
We detected no significant deviations from equilibrium for ADH and AMY that were 
maintained to G93 in the hybrid-derived lines. Apparently, with respect to ADH and AMY, 
the hybrid-derived lines are in H-W equilibrium. Thus, by G66 natural selection pressures 
were no longer driving allele frequency change at these loci. However, our failure to detect 
digenic gametic disequilibrium in the hybrid-derived lines may be due to a lack of statis-
tical power (Zapata & Alvarez, 1992). Therefore, biologically significant digenic disequi-
libria among combinations of ADH, PGD, and AMY may be present in the hybrid-derived 
lines, but this study did not have sufficient power to detect them. Such disequilibria could 
provide evidence for coadaptation in the high- and low-selected lines (Ricker & Hirsch, 
1988b). 
This study demonstrates that a candidate gene correlated with geotaxis in D. melano-
gaster may be within one centimorgan of Adh on Chromosome II. Future attempts to iden-
tify such gene correlates of geotaxis should be concentrated in that region. We are currently 
planning a QTL mapping project similar to that reported by Long et al. (1995). Evidence 
that PGD-A may have been selected against in the hybrid-derived lines may provide in-
sight into the history of the high- and low-selected geotaxis lines. 
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